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The strain dependence of the free-exciton resonance energies in AlN epilayers is presented and the
values are analyzed using an appropriate Hamiltonian assuming equibiaxial stress for the wurtzite
crystal structure in order to obtain valence band parameters. Based on the results, we study the strain
dependence of the valence band ordering, optical transition probability, and free-exciton binding
energy. As a result of these calculations, the following strain-free values are obtained for the energy
gap, averaged dielectric constants, and ordinary and extraordinary dielectric constants: Eg
=6.095 eV at T=11 K, =7.87, =7.33, and  =8.45, respectively. A brief discussion of the
valence band ordering in bulk AlxGa1−xN is also presented. © 2007 American Institute of Physics.
DOI: 10.1063/1.2825577
I. INTRODUCTION
Aluminum nitride AlN is one of the direct wide band
gap semiconductors with a wurtzite crystal structure. Among
III-nitride binary compounds, AlN has the second highest
band gap energy after BN, which is reported as being Eg
=6.2 eV at room temperature1 and Eg=6.28 eV at T=5 K.
2
Thus, AlN is a promising candidate for devices such as light
sources and detectors in the ultraviolet wavelength region. A
great deal of effort has been devoted to developing such
devices. Recently, an AlN positive-intrinsic-negative homo-
junction light-emitting diode has been reported.3
Residual strain in AlN epilayers is unavoidable because
there is no substrate material whose lattice constant matches
that of AlN. This residual strain influences various physical
phenomena. In order to analyze the effect of the residual
strain in AlN epilayers, knowledge of valence band param-
eters such as the crystal field splitting energy, spin-orbit split-
ting energy, and various deformation potential constants is
indispensable. In the second half of 1990s, these parameters
were evaluated using calculations from first principles with
the ab initio pseudopotential4–8 or semiempirical
pseudopotential.6 The results of those calculations are shown
in Table I. However, to the best of our knowledge, the cal-
culated parameters have never been verified experimentally.
Essentially, the valence band parameters can be identified by
analyzing the strain dependence of fundamental energy gaps
or free-exciton resonance energies, which are obtained ex-
perimentally. For example, the band parameters of GaN have
been determined by analyzing the strain dependence of exci-
ton energies9,10 or alternatively, by analyzing the correlation
between the transition energies of B and C excitons and that
aElectronic mail: h.ikeda@ruri.waseda.jp.
bPresent address: Dowa Semiconductor Akita Co., Ltd., Sunadal, Iijima,
Akita 011-0911, Japan.
TABLE I. Comparison of valence band parameters obtained in the present
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for the A exciton.11–13 However, high quality AlN samples
are indispensable to obtain these values, as the reliability of
the derived results depends strongly on the reliability of the
experimental data.
Although the energy gap and the dielectric constant near
the fundamental absorption edge have been reported in some
literature, their values vary significantly from report to
report.1,2,14–19 Thus, the evaluation of these parameters is
also a challenging problem.
In this paper, we report the values of the valence band
parameters obtained by analyzing the strain dependence of
free-exciton resonance energies in high quality epitaxial
films. The exciton resonance energies in samples with vari-
ous residual strains were identified by cathodoluminescence
CL measurement at T=11 K. An analysis was carried out
based on the Bir–Pikus Hamiltonian.20 This paper discusses
the strain dependence of the valence band ordering, the re-
sultant optical transition probability, and the binding energy
of the free excitons. Based on these calculations, the values
of the energy gap and background dielectric constants are
estimated. We also discuss the valence band ordering in bulk
AlxGa1−xN combining the valence band parameters obtained
herein for AlN and with these obtained in Refs. 9 and 10 for
GaN.
II. SAMPLES
Samples of various thicknesses were prepared by a vari-
ety of growth methods on various types of substrates: an
approximately 1-m-thick AlN epilayer grown by
NH3-source molecular beam epitaxy MBE on a GaN/
0001 Al2O3 template
21 and those grown by metalorganic
vapor phase epitaxy MOVPE on a 0001 Al2O3 substrate
without series I and with series II a low temperature
nucleation layer. The thickness of the samples ranged from
1.5 to 3.0 m. Residual strain was evaluated based on x-ray
diffraction data.9,10 CL spectra were measured at T=11 K,
from which the exciton energies were identified.21 Figure 1
summarizes the relationship between the residual strain and
the exciton resonance energy, where open squares, open
circles, and closed diamonds represent the data obtained
from the samples grown by NH3-MBE, MOVPE series I,
and MOVPE series II, respectively. The threading disloca-
tion density in the MOVPE series I sample was lower than
1108 cm−2, while that in the MOVPE series II samples
was approximately 11010 cm−2.
III. ANALYSIS
A theoretical analysis of the data shown in Fig. 1 was
made based on the Bir–Pikus Hamiltonian assuming strain,
xx=yy =−C33 /2C13zz under equibiaxial stress. Here 
denotes a component of a strain tensor and Cij an elastic
stiffness constant. The energy eigenvalue of the valence
band, which is derived under a pseudocubic approximation
and at k=0, i.e., the  point, is given by Ref. 20 as
E1 = cr +
so
3
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Here cr is the crystal field splitting energy, so is the spin-
orbit splitting energy, and Di i=1−4 is the deformation
potential energy. The E1 valence band belongs to the irreduc-
ible representation 9 and the E2,3 valence bands belong to
7. In the case of zz=0, it is widely believed that the eigen-
value of the top valence band is given by E2 because cr
	0 Refs. 4–8 and, thus, the valence band ordering is 7,
9, and 7 from the top to the bottom valence band. The
energy of the conduction band bottom can be assumed as10
ECB = Eg + E2zz = 0 + 
Dzz, 2
where Eg is the energy gap and 
D is the deformation po-
tential energy acting on the conduction band bottom. Note
that the irreducible representation of the conduction band is
7. Using Eq. 2, the free ath-exciton resonance energy of
AlN with residual strain ERS,a is given by the following
equation:10
ERS,a = ECB − Ea − EEX,a. 3
Here the subscript a runs from 1 to 3 and EEX,a is the free-
exciton binding energy associated with the ath valence band.
The binding energy of the free excitons is extremely smaller
than Eg and, thus, is set to be a constant independent of the
residual strain and the valence band as the lowest order ap-
proximation. This approximation will be checked later.
The best fit of Eq. 3 with Eqs. 1a, 1b, and 2 to the
experimental data is drawn by the solid curves in Fig. 1,
where the green upper, black middle, and red lower
curves correspond to the eigenvalues of E3, E1, and E2, re-
spectively. The fitting procedure gave the following values
for the parameters: cr=−152.4 meV, so=18.9 meV, D3
FIG. 1. Color online Strain dependence of free-exciton resonance ener-
gies. The symbols distinguish the growth technique: open squares, open
circles, and closed diamonds corresponding to data for the AlN epilayers
grown by NH3-MBE, MOVPE series I, and MOVPE series II, respec-
tively. The green upper, black middle, and red lower solid curves are
the best fit curves for the experimental data.
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−C33D4 /C13=21.7 eV, Eg−EEX,a=6.044 eV, and 
D− D1
−C33D2 /C13=46.2 eV. Using the elastic constant values of
C13=120 GPa and C33=395 GPa,
22 the values of D3
=8.19 eV and D4=−4.10 eV were obtained. These values
show reasonable agreement with those reported previously.
Table I compares the present results with the previous ones.
Note that this is the first report of values for 
D− D1
−C33D2 /C13. Unfortunately, individual values for 
D, D1,
and D2 cannot be explicitly identified within the present
analysis. Using EEX,2=51.3 meV, which has been recently
reported,23 the value of Eg is identified as 6.095 eV. This is
also the first time that Eg has been determined using the
experimental value of EEX,2.
Figure 2a shows the strain dependence of the valence
band ordering relative to the E1 valence band and gives the
new information that the anticrossing between the E3 valence
band and the E2 valence band occurs at zz0.74% and,
simultaneously, the valence band ordering from the top to the
bottom becomes 9, 7, and 7 for zz0.70%.
With respect to the polarization selection rules for the
optical transition, strain dependence may be evaluated using
ortho normal conditions for the basis functions in the Bir–
Pikus Hamiltonian and their calculated coefficients for each
eigenvalue. The normalized optical transition probability cal-
culated under the quasicubic approximation is shown in Fig.
2b. The optical transition from the valence band belonging
to 9 symmetry to the conduction band is allowed only for
Ec, while that from the valence band belonging to 7 sym-
metry to the conduction band is allowed for both Ec and
E c. Here E is the electric field vector associated with light
and c is the unit vector along the c axis. The magnitude of
the strain interchanges the magnitudes of the transition prob-
abilities for Ec and E c in the latter case at zz0.74%,
where the E2 and E3 valence bands show anticrossing. At
zz=0, the transition from the E2 E3 valence band to the
conduction band predominantly occurs for E c Ec with
the probability of probE2 ,E c=0.4616 probE3 ,Ec
=0.2308. This result shows excellent agreement with the
previous experimental data.24 The other case is shown in
Table II. This strongly supports the validity of the experi-
mental data and calculations presented herein.
In the analysis mentioned earlier, EEX,a has been treated
as a constant independent of the valence band and strain.
Here, we would like to confirm the validity of the treatment.
To do so, the strain dependence of EEX,a was calculated using
a variational method.10,20 To make concrete calculations, we
need values of the Luttinger or Rashba–Sheka–Pikus pa-
rameters, Ai, for the valence band, the electron effective mass
of the conduction band, m,
* , and the dielectric constant,
,. Note that we have fully taken into account of the aniso-
tropy in the effective mass and the dielectric constant. Each
physical parameter with the subscript  means the param-
eter is parallel perpendicular to the c axis. The following
parameters have been used: A1=−3.95, A2=−0.27, A3=3.68,
A4=−1.84, A5=−1.95, and A6=−2.91 Ref. 4, and m
* /m0
=0.32 and m
* /m0=0.28 Ref. 25. The formulation to evalu-
ate EEX,a, furthermore, requires values of and = 1/2.
Here , , and  are, respectively, the so-called ordinary,
extraordinary, and averaged dielectric constants. The re-
ported values for  and  are very scattered, as can be seen
in Table III, but the relation  / =0.868 appears to hold for
almost all cases. Therefore, we used the value  / =0.868
and treated = 1/2 as an adjustable parameter. The value
of  was first determined to reproduce EEX,2=51.3 meV
Ref. 23 at zz=0 and, then, the strain dependence of EEX,a
was evaluated. The value of  was found to be =7.87. This
leads to =7.33 and  =8.45. When the value  /
FIG. 2. Color online Valence band ordering a, transition probability from
each valence band to the conduction band for ordinary and extraordinary
light b, and strain dependence of free-exciton binding energy c. a Rela-
tive valence band ordering of E27−E19 upper red curve and
E37−E19 lower green curve against the E19 flat black line band.
Anticrossing between the red and green bands occurs at zz0.74%. For
zz0.70%, the valence band ordering is 9, 7, and 7 from the top to the
bottom. b The transition from the 9 valence band to the conduction band
with 7 symmetry is allowed only for ordinary light dashed line indepen-
dent of strain. Depending on the anticrossing nature of the 7 valence bands
the transition probabilities vary with strain for ordinary dashed curves and
extraordinary solid curves light. c The binding energy EEX,2 at zz=0% is
fitted to the experimental data. The difference in the binding energy is at
most 3 meV.
TABLE II. Transition probability from each valence band to the conduction
band for ordinary Ec and extraordinary E c light.
E c Ec
Previousa Present Previousa Present
E2 0.4580 0.4616 0.0004 0.0007
E1 0 0 0.2315 0.2315
E3 0.0007 0.0014 0.2310 0.2308
aReference 24.
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=0.833 is adopted, the following values of the respective
dielectric constants are obtained: =7.93, =7.24, and 
=8.69. The strain dependence of EEX,a is shown in Fig. 2c.
It has been found that the energy difference in EEX,a is at
most 3 meV even when its strain dependence is taken into
account. Therefore, the earlier-mentioned approximation, in
which EEX,a is treated as constant, appears to be reasonable.
At the present stage, we have succeeded in obtaining the
valence band parameters for strain-free bulk GaN Ref. 10
and AlN. The parameters were evaluated based on experi-
ments within the quasicubic approximation. We would like to
discuss the valence band ordering in bulk AlxGa1−xN without
and with internal strain using the parameters. All parameters
for any value of the Al molar fraction xAl=x have been
evaluated by interpolating linearly the two extreme param-
eter values, i.e., xAl=0 for GaN and xAl=1 for AlN. Figure
3a shows the xAl dependence of two 7 valence band ener-
gies relative to the 9 valence band energy, i.e., E2−E1 and
E3−E1, in the case of strain-free AlxGa1−xN. It is found from
Fig. 3a that the symmetry of the uppermost valence band
changes from 9 to 7 at xAl=0.095, which simultaneously
forms the boundary for change in the optical selection rules.
The value of xAl=0.095 reflects the fact that cr for GaN is a
small positive value, while cr for AlN is a large negative
value. The previously reported values of xAl ranged from
0.04 to 0.25.26–29
Let us now consider a case in which a bulk AlxGa1−xN
epilayer is grown on a strain-free GaN substrate with a c
plane. In this case, the lattice constant axAl of AlxGa1−xN
matches aGaN
0 and, thus, zz exists in the AlxGa1−xN epilayers.
The red lower and green upper solid curves with negative
slope on the xAl-zz plane in Fig. 3b indicate the relation
between xAl and the internal strain in AlxGa1−xN grown on
the strain-free GaN substrate with the c plane. Here, the fol-




0 =3.1879 Å,30 aAlN
0
=3.112 Å,31 and a=0 Å for the red solid curve and a=
−0.040 Å Ref. 32 for the green solid curve, where a is a
deviation parameter. The two curves mean that zz becomes
increasingly negative as xAl becomes larger, as expected.
The black solid curve with positive slope on the xAl-zz
plane shown in Fig. 3b represents a boundary in the upper
half plane of which the valence band ordering is 9, 7, 7
and in the lower half plane of which the ordering is 7, 9,
7. It is found from Fig. 3b that the valence band ordering
changes from 9, 7, 7 to 7, 9, 7 when xAl exceeds
about 0.032 for a=0 Å and 0.048 for a=−0.040 Å, re-
spectively. This suggests that bulk AlxGa1−xN grown on a
strain-free GaN substrate is not suitable for devices in which
the energy gap Eg is sufficiently large in comparison with Eg
in GaN and the polarization selection rule of Ec holds.
That is, when one wishes to use the uppermost valence band
with the 9 symmetry in an AlxGa1−xN device, it is prefer-
able to grow a c-plane AlxGa1−xN epilayer with in-plane
compressed strain.
IV. SUMMARY
In summary, the strain dependence of the free-exciton
resonance energy in AlN epilayers was analyzed. The energy
gap was identified as 6.095 eV at T=11 K. The valence
band ordering changes from 7, 9, 7 to 9, 7, 7 when zz
exceeds 0.70%. This is caused by the anticrossing nature of
the two valence bands with 7 symmetry. The calculated
results for the normalized optical transition probability at
TABLE III. Dielectric constants of AlN. In the present work, the dielectric
constants were calculated using the values of  /, 0.868 and 0.833.
    /
7.0a 6.7a 7.7a 0.868
7.72a 7.34a 8.47a 0.868
8.68a 8.26a 9.52a 0.868
8.713a 8.293a 9.554a 0.868
9.52a 9.06a 10.44a 0.868
¯ 7.76b 9.32b 0.833
8.5c ¯ ¯ ¯
8.7d ¯ ¯ ¯
9.14e ¯ ¯ ¯
7.87f 7.33f 8.45f 0.868
7.93f 7.24f 8.69f 0.833
aReference 14.
bReference 15.
cReferences 16 and 17.
dReference 18.
eReference 19.
fPresent. FIG. 3. Color online Valence band ordering in bulk AlxGa1−xN. a xAl
dependence of relative valence band energies against the E1 band with 9
symmetry flat black solid line in strain-free bulk AlxGa1−xN. The red
lower and green upper solid curves with negative slope represent the
relative energies of E2−E1 and E3−E1, respectively. The symmetry of the
uppermost valence band changes from 9 to 7 at xAl=0.095. b The black
solid curve with positive slope indicates a boundary curve satisfying
E27=E19, in the upper half plane of which the valence band ordering
is 9, 7, 7 and in the lower half plane of which the ordering is 7, 9, 7.
The red lower solid curve with negative slope is the relation of xAl and zz
in bulk AlxGa1−xN grown on a strain-free GaN substrate. The red solid curve
crosses the black solid curve at xAl=0.032. This means that the valence band
ordering is 7, 9, 7 for xAl0.032. The green upper solid curve with
negative slope represents the relation of xAl and zz when the deviation
parameters of −0.040 Å are taken into account. The crossing point of the
green and black solid curves gives xAl=0.048.
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zz=0 convincingly explain the experimentally deduced tran-
sition probability. The difference in the binding energy of the
three free excitons is at most 3 meV, within which the bind-
ing energies of the free excitons associated with the valence
bands belonging to 7 symmetry vary according to the mag-
nitude of strain. The averaged background dielectric constant
was found to be 7.87, and this leads to =7.33 and 
=8.45 under the assumption of  / =0.868. Calculations of
the valence band ordering in bulk AlxGa1−xN suggest that
optical devices dominated by the polarization selection rule
of Ec may be realized using c-plane bulk AlxGa1−xN with
in-plane compressed strain.
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